Abstract: The construction of an alkali-metal ion source is presented. It allows the acceleration of rubidium ions to an energy that enables the penetration through monolayers of graphene and hexagonal boron nitride. Rb atoms are sublimated from an alkali-metal dispenser. The ionization is obtained by surface ionization and desorption from a hot high work function surface. The ion current is easily controlled by the temperature of ionizer. Scanning Tunneling Microscopy measurements confirm ion implantation.
Recently, monolayers of hexagonal boron nitride (h-BN) and graphene are getting intensive attention due to their capacity for self-assembling of atoms and molecules.
1, 2 The growth of these monolayers on substrates with lattice parameters different from the sp 2 monolayer produces superstructures with an in-plane lattice constant in the order of a few nanometers. This is the case, for example, for graphene grown on SiC(0001) 3 or hexagonal boron nitride on Rh(111). 4 These superstructures may be modified by molecular self assembly, 2, 5 or intercalation of hydrogen, for example. 6, 7 Recently, it was demonstrated that noble gas ions of appropriate energy may be immobilized at room temperature between the sp 2 layer 8 and the substrate or cut graphene. 9 For this purpose, the atoms must be accelerated against the surface to an energy which allows to break the strong σ bonds (in the order of 10 eV).
The immobilization of single atoms beneath an ultimately thin sp 2 hybridized layer, in so called "nanotents," is an interesting way to functionalize a surface and should, in principle, not be limited to noble gas atoms. Here we show the formation of nanotents by exposing a h-BN/Rh(111) nanomesh to a Rb + ion beam with appropriate energy.
For atoms, the necessary kinetic energy to penetrate a monolayer of graphene or h-BN can be estimated from the displacement threshold energies T α d where α is index for B, N, or C, atoms, respectively. This threshold energy is the minimum kinetic energy that an atom needs to absorb in order to be ejected from the system. If this energy is provided in a head on elastic collision 10 with another atom, the kinetic energy of the incident atom like Rb is given by In order to accelerate the Rb atoms, it is first necessary to ionize them. For this purpose, we apply the concept of surface a) lhlima@ifi.unicamp.br ionization. 12 Basically, it consists in ionizing an atom and desorbing it from a surface with a higher work function than the ionization potential I P of the atom. 13 Furthermore, it is necessary that the surface is hot enough such that the ions can desorb thermally. When an atom or molecule approaches a metallic surface, its valence level broadens and lowers its energy towards the Fermi level of the metal. When they overlap the valence electron of the atom may transfer to the Fermi sea of the substrate and an ionized atom is left. The ratio number of ions and neutral atoms on the surface is described by the Saha-Langmuir equation, which predicts the degree of ionization to be proportional to exp[( − I P )/k B T], where k B is the Boltzmann constant and T is the equilibrium temperature of the system. We first tried Mo ( = 4.6 eV) in order to ionize Rb atoms (I P = 4.2 eV). This works, although some improvements were achieved with a sputter coated 10 nm Pt layer on the Mo surface due to the increase of the work function. Basically, the ion current with Pt layer is ten times larger, but the general behavior is the same as reported here for the bare Mo surface.
The inverse process, i.e., charge transfer from the metal to the atom or molecule can occur if the surface has a lower work function than the affinity level of the atom. Figure 1 shows the scheme of the "head" part of the ion source that is mounted on a CF40 flange. The atoms are evaporated from an alkali-metal (SAES) getter source.
14 The activation of the Rb getter is obtained by an electric heating current (I Rb ). The advantage of this source relies on the fact that it generates a Rb vapor that is pure, combining with a precise evaporation rate that is controlled by the current I Rb (see Figure 2) . The Mo is heated by a Ta filament with the current I FIL . After surface ionization, the Rb + ions are accelerated to the potential U Mo , which determines the beam energy.
Figure 2(a) shows the ion current as a function of I Rb . The ion current is detected by a screen located approximately 100 mm from the exit of the ion source. The surface temperature was kept at 409
• C and the beam energy was 100 eV. the ion current as a function of the temperature of the Mo surface. The temperature is measured with an electrically isolated thermocouple which is not shown in Figure 1 . As expected for thermal desorption, the ion current is increased at higher temperature.
To determine the beam size, i.e., its transversal section, we changed the position of the detector (screen) relative to the incident beam transversally. Figure 3(b) shows the dependence of ion current as a function of the acceleration potential. For potentials below 50 V, oscillations in the current (two maxima) were observed. Probably, for these low potentials, there is a lensing effect, altering the position of the ion beam focus and consequently the ion current. For the region between 100 and 150 eV, almost linear behavior was obtained for the ion current. Figure 4 shows the first application of the ion source for implantation of Rb atoms beneath the h-BN/Rh(111) nanomesh. 4 The nanomesh is a superstructure formed on 12 × 12 unit cells of Rh coinciding with 13 × 13 unit cells of h-BN. 15, 16 This corrugated monolayer of h-BN shows a superlattice parameter of 3.2 nm. It consists of strongly coupled h-BN regions to the Rh substrate (pores) and weakly coupled regions (wires). The pores have diameters of approximately 2 nm (see Figure 4) which may, for example, be used to accommodate molecules.
2, 17 The recipe for the preparation of h-BN/Rh nanomesh may be obtained from Ref. 18 .
The implantation of Rb + ions with 100 eV kinetic energy beneath the h-BN nanomesh is shown in Figure 4 (a). We can see 4 Rb related protrusions located at the intersection of the wires (dashed circle), which is similar to implanted Ar atoms. 8 Two such nanotents are stabilized near the same site. Vacancy defects generated by the penetration of the ions through the h-BN (solid circle) are also observed. Figure 4(b) shows a height profile along the arrow AB in Figure 4(a) . At a tunneling voltage of 2 V, the height of protrusion is ∼1 Å. This is smaller than that for the case of argon (1.6 Å), which is taken as an indication that Rb maintains ionic character in the nanotent.
To summarize, we present the construction and performance of an alkali metal ion source. This source allows the acceleration of ions to an energy that makes it possible for them to penetrate one monolayers of graphene or hexagonal boron nitride. The ion current was demonstrated to be precisely controlled by the temperature of the ionizer surface.
Scanning tunneling microscopy measurements demonstrate the efficiency of the source.
